Our previous studies have shown that targeting DNA vaccine-encoded major histocompatibility complex class I epitopes to the proteasome enhanced CD8
The great majority of DNA vaccine studies published to date have focused on the induction of antibodies and/or CD8 ϩ T cells; CD4 ϩ T-cell responses have rarely been directly evaluated. Here, we have used the lymphocytic choriomeningitis virus (LCMV) model to analyze CD4 ϩ T-cell induction by DNA vaccines. We have previously demonstrated that improving the degradation of endogenously expressed antigens in the proteasome enhanced the induction of CD8 ϩ T-cell responses; covalent linkage of the antigen to the cellular protein ubiquitin marked the fusion protein for rapid hydrolysis in the proteasome, improved class I-antigen presentation and enhanced the protection induced by the DNA vaccines in mice, both against a virus (27, 29) and an invasive melanoma (48) . In this report we present a parallel strategy aimed at improving the CD4 ϩ responses induced by DNA immunization. Most CD4 ϩ T-cell responses are induced by proteins endocytosed from the extracellular milieu by specialized antigen-presenting cells (APCs) such as dendritic cells (DC); these proteins are then degraded in the acidic endosomal and lysosomal compartments, where they encounter major histocompatibility complex (MHC) class II molecules, leading to the eventual cell surface presentation of their encoded epitopes. However, although the underlying mechanisms are not fully understood, it has been clearly demonstrated that some proteins synthesized within an APC can be presented by MHC class II molecules and can induce CD4 ϩ T-cell responses (1, 4, 6, 21, 25, 32) . This observation suggested that a DNA vaccine could be designed which should direct endogenously synthesized proteins to the lysosomal compartment of APCs, thus enhancing the induction of CD4 ϩ T cells. To achieve our goal, we have used the lysosomal targeting signal of lysosomal integral membrane protein-II (LIMP-II) (41) . Unlike other lysosomal proteins, which usually take an indirect route to the lysosome, LIMP-II moves directly from the endoplasmic reticulum to the lysosomal compartment, directed by residues in its C-terminal tail (22, 31, 40) . Here, working mainly with the LCMV model, we report the cloning of the 20-amino-acid tail of LIMP-II in association with full-length proteins and with minigenes encoding LCMV MHC class II epitopes. We use these materials to ask the following questions. (i) Are the chimeric proteins directed to the lysosomes? (ii) What is the effect of this targeting on the induction of CD4 ϩ T cells? (iii) Does lysosomal targeting of a viral protein enhance the induction of antiviral antibodies and/or CD8 ϩ T cells? (iv) Do vaccine-induced virus-specific CD4 ϩ T cells confer any advantage on the vaccinee after virus challenge? We find that lysosomal targeting by the LIMP-II tail is very effective. However, depending on the primary sequence of the antigen, improving its degradation in acidic lysosomes can enhance or inhibit the CD4 ϩ T-cell responses induced. This observation has implications for vaccine design.
MATERIALS AND METHODS

Cell lines and viruses. The MC57 cell line (H-2
b ) is maintained in RPMI medium, and HeLa cells are maintained in Dulbecco's modified Eagle's medium, each supplemented with 10% fetal calf serum, L-glutamine, and penicillin-streptomycin. The virus used was LCMV (Armstrong strain).
Mice. C57BL/6 mice (H-2 b ) were obtained from the breeding colony at Scripps Research Institute and were used at 6 to 16 weeks of age.
Generation of plasmid constructs for efficient lysosomal delivery of the encoded proteins. The 20-amino-acid C-terminal tail of LIMP-II has been shown to be sufficient for lysosomal targeting (22, 31, 40) , and in an attempt to improve MHC class II presentation of plasmid-encoded endogenously expressed antigens, we constructed the five plasmids shown in Fig. 1 . First, we constructed a parental vector, pCMV-LIMP-II, to act as the recipient for other open reading frames (ORFs) encoding proteins to be expressed as fusions with the LIMP-II tail. This plasmid was made by cloning complementary oligonucleotides encoding the 20-amino-acid LIMP-II tail, flanked by an upstream BglII site and a downstream stop codon, into the unique NotI site of the pCMV vector (Clontech, Palo Alto, Calif.). Four fusion constructs were made by cloning ORFs into the BglII site of pCMV-LIMP-II, upstream of and in-frame with the LIMP-II tail. To confirm that the LIMP-II tail directed proteins to the lysosomal compartment, two constructs were made by cloning the ORFs encoding LCMV NP and hepatitis B virus (HBV) core protein, into pCMV-LIMP-II, generating pCMV-HBVcore-LII and pCMV-NP-LII. In addition, to facilitate detailed analyses of the epitopespecific CD4 ϩ T-cell responses induced by DNA vaccines, we constructed two plasmids containing minigenes encoding previously characterized LCMV epitopes which are presented by MHC class II I-A b (24) . pCMV-NPTh-LII encodes NP 309-328 (SGEGWPYIACRTSIVGRAWE), and pCMV-GPTh-LII encodes GP 61-80 (GLKGPDIYKGVYQFKSVEFD); in each case the minigene ORF is preceded by an ATG start codon, flanked by a good Kozak sequence (2, 16) . In addition to these four plasmids encoding LIMP-II fusion proteins, four related plasmids were prepared, identical to the above but lacking the LIMP-II tail (pCMV-HBVcore, pCMV-NP, pCMV-NPTh, and pCMV-GPTh).
Protocol for DNA immunization. DNA purification was carried out by standard techniques using Qiagen Megaprep columns with endotoxin removal buffer. DNA was dissolved in 1 N saline, at a concentration of 1 mg/ml, and C57BL/6 mice were immunized once with 50 g of the specified plasmid injected into each anterior tibial muscle using a 28-gauge needle (thus, each mouse received 100 g of DNA).
Evaluation of LIMP-II targeting by confocal microscopy. HeLa cells were transfected (using Lipofectamine; GIBCO-BRL, Bethesda, Md.) with the plasmids pCMV-HBVcore, pCMV-HBVcore-LII, pCMV-NP, or pCMV-NP-LII and 48 h later were stained to evaluate protein expression and localization. The cells were incubated for 30 min at 37°C in phosphate-buffered saline-normal goat serum (1:100 dilution) to block nonspecific binding sites, and goat serum was maintained in all subsequent antibody incubations. To identify the lysosomal compartments, cells were incubated for 1 h at 37°C with a purified mouse monoclonal antibody (concentration, 5 g/ml; CD107a [catalog no. 34201A]; Pharmingen, San Diego, Calif.) specific for the lysosome-associated membrane protein-I (LAMP-I), and after several washes in phosphate-buffered saline, cells were incubated for 30 min with a rhodamine-conjugated anti-mouse antibody at a 1:500 dilution (Boehringer Mannheim catalog no. 605-150). Next, cells were stained to detect expression of the plasmid-encoded viral protein. HBV core protein was detected using a rabbit polyclonal antiserum (DAKO catalog no. B0586) at a 1:5,000 dilution, followed by incubation for 30 min with a fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody (Boehringer Mannheim catalog no. 1814-257) at a 1:1,000 dilution. LCMV NP was detected using a polyclonal anti-LCMV guinea pig serum (the generous gift of Michael Buchmeier, Scripps Research Institute), followed by a biotinylated anti-guinea pig antibody and then by streptavidin conjugated to FITC. Single-plane confocal microscope images were collected sequentially using a Bio-Rad MRC-1024 unit attached to a Zeiss Axiovert S100TV microscope with 43ϫ or 60ϫ objective lenses. A krypton-argon mixed-gas laser produced excitation wavelengths at 488 nm (FITC; for HBV core or LCMV NP) and 568 nm (rhodamine; for LAMP-I). Individual fluorophore images were merged and pseudocolored using Adobe Photoshop 5.5.
Detection of epitope-specific CD4 ؉ and CD8 ؉ T-cell responses by ICCS. Mice were inoculated with the specified plasmids and, 3 weeks later, were infected with LCMV (2 ϫ 10 5 PFU, intraperitoneally [i.p.]) to boost any DNA-primed CD4 ϩ T-cell responses. Six days postinfection (a time point at which virus-specific CD4 ϩ T cells are difficult to detect in previously nonimmune mice), the mice were sacrificed, and their spleens were harvested for analysis by intracellular cytokine staining (ICCS) assay. A total of 10 6 splenocytes were incubated in 96-well plates together with the indicated stimulator peptides (at 5 g/ml). After a 6-h incubation in the presence of interleukin 2 (150 U/ml), ␤-mercaptoethanol, and Brefeldin A (at 1 g/ml, to increase the accumulation of gamma interferon [IFN-␥] in the responding cells), cells were washed and labeled with cychromeconjugated anti-CD4 antibody (0.25 mg/ml), for 30 min on ice. The cells were then washed, permeabilized with Cytofix/Cytoperm for 20 min on ice, and stained with a fluorescein-conjugated anti-IFN-␥ antibody (0.4 mg/ml). Finally, the cells were washed, fixed in 2% formaldehyde, and analyzed by flow cytometry. Re- FIG. 1 . Sequences of the LIMP-II plasmids used in this study. The nucleic acid sequence and the related amino acids adjacent to the BglII cloning site are shown above a cartoon of the parental plasmid, pCMV-LIMP-II (pCMV-LII). CMV IE, human cytomegalovirus immediate-early promoter; SV SD/SA and SV polyA , SV40 splice donor-acceptor and transcription terminator-polyadenylation signal, respectively; LII tail, 20 amino acids from the C terminus of LIMP-II. The stop codon which follows the LII tail is shown as a grey box. Partial or complete amino acid sequences are shown for each of the four LIMP-II constructs used in this study. For HBV core and LCMV NP, the superscripted numerals indicate the position in the full-length protein of the adjacent amino acid. In all cases, the native viral amino acids are shown in regular uppercase type, the 20-residue LIMP-II tail is shown in boldface italic uppercase type, and any additional amino acids inserted as a result of the cloning procedure are shown in regular lowercase type.
agents were purchased from Pharmingen. For detection of CD8 ϩ T cells, splenocytes were incubated for 5 h in the presence of Brefeldin A with the peptide NP 396 (FQPQNGQFI), which is a dominant epitope in C57BL/6 mice, and then were stained with an antibody to CD8, followed by staining for IFN-␥ as described above.
Digestion of peptides with cathepsin D and analyses of the reaction products. The peptides (NP 309-328 or GP 61-80 ) (10 g) were incubated at 37°C in the absence or in the presence of 1.48 g (0.06 U) of cathepsin D (EC 3.4.23.5; Sigma, St. Louis, Mo.) in a final volume of 100 l in 100 mM NaNH 4 (pH 4) to mimic the acidic pH of the lysosomes (14) . Four hours later, samples were lyophilized and resuspended in 10 l of water to keep the peptides at 1 mg/ml. Treated peptides were used in two different experiments: as stimulators in an ICCS assay (see Fig. 5 ) and to analyze the peptide profile in a mass spectrometer (see Fig. 6 ). Matrix-assisted laser desorption-ionization-mass spectrometry spectra were obtained with a Voyager DE-RP MALDI-TOF mass spectrometer (PerSeptive Biosystems, Framingham, Mass.), using the reflector mode and alpha-cyano-4-hydroxycinnamic acid as the matrix. Fragments were assigned using the computer program PAWS (Proteometrics).
Evaluation of antibody induction following DNA vaccination. LCMV-specific antibody levels were determined by enzyme-linked immunosorbent assay (ELISA), using plates coated with purified LCMV as targets.
Evaluation of the protective efficacy of plasmids containing the LIMP-II tail. C57BL/6 mice were immunized as indicated in the text or figure legend and 6 weeks later were challenged with LCMV. Two modes of viral challenge were used. 
RESULTS
The LIMP-II tail directs fusion proteins to the lysosomes. We first determined whether the LIMP-II tail could target two different fusion proteins to the lysosomal compartment. HeLa cells were transfected with pCMV-HBVcore, pCMV-HBV core-LII, pCMV-NP, or pCMV-NP-LII and 48 h later were fixed in ice-cold methanol. After several washes, cells were stained for the viral proteins (green fluor) and for the lysosomal protein LAMP-I (red fluor), and staining was visualized by confocal microscopy (Fig. 2 ). Cells transfected with plasmids encoding the wild-type viral proteins showed strong cytosolic green fluorescence, which was clearly distinct from the punctate red signal indicating LAMP-I expression in lysosomes; essentially no colocalization (yellow signal) was visible. In contrast, after transfection with the LIMP-II fusion constructs, although some cells showed cytosolic expression, most of the signal from the viral proteins was punctate and colocalized with the LAMP-I (generating a yellow signal, magnified in insets in right-hand column). If the transfected cells were treated with chloroquine, which deacidifies the lysosomes and inhibits lysosomal protein degradation, the amount and the number of cells expressing the antigen increased dramatically (data not shown). Thus, the 20-amino-acid tail of LIMP-II is sufficient to direct a substantial proportion of endogenously expressed proteins to the lysosome, where they are rapidly degraded in the acid milieu.
The LIMP-II tail enhances the induction of the CD4 ؉ T-cell responses to NP [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] . Having demonstrated successful targeting to the lysosome by LIMP-II fusion, we wished next to determine whether this would lead to enhanced induction of CD4 ϩ T cells. We have recently shown that antigen-specific CD8 ϩ T cells can be detected directly ex vivo after a single inoculation of DNA (2, 10); consequently, we thought that we might be able to identify epitope-specific CD4 ϩ T cells directly ex vivo after immunizing mice with our various plasmids. Mice were immunized with the plasmids pCMV-NP, pCMV-NPTh, or pCMV-GPTh, with and without the LIMP-II tail; however, even with the LIMP-II fusion plasmids, we were unable to convincingly demonstrate plasmid-induced epitope-specific CD4 ϩ T-cell responses directly ex vivo (data not shown). We conclude that, in response to DNA immunization, CD4 ϩ T-cell responses appear to be weaker than CD8 ϩ T-cell responses, rendering difficult their detection directly ex vivo. This parallels the findings during virus infection, in which virus-specific CD4 ϩ T-cell responses are much less pronounced than the better-characterized CD8 ϩ T-cell responses; virus-specific CD4 ϩ T cells first become detectable around day 7 postinfection; they peak in frequency between days 8 to 10 postinfection and decline slightly thereafter (38, 39, 43) . We reasoned that, if injection of plasmid DNA did prime antigen-specific CD4 ϩ T cells, subsequent virus infection should result in an accelerated virus-specific CD4 ϩ T-cell response, compared to that seen in previously naïve mice; detecting this accelerated response would, therefore, constitute evidence of successful DNA vaccination. Therefore, groups of eight C57BL/6 mice were immunized once with the plasmids pCMV-NPTh or pCMV-NPTh-LII, and four mice were inoculated with the negative control plasmid pCMV-LIMP-II. Three weeks later all mice were infected with LCMV, and 6 days later (a time point at which it remains difficult to detect virus-specific CD4 ϩ T cells in previously naïve mice) the spleens were harvested and analyzed by ICCS after a 6-h incubation with or without the NP 309-328 peptide. The results from a representative individual mouse from each vaccine group are shown (Fig. 3A) ; along with the mean response (Ϯ standard error of the mean [SEM]) in each group (Fig. 3B) . At 6 days postinfection, ϳ0.5% of all CD4 ϩ T cells were specific for this epitope in mice which had been immunized with the negative control plasmid pCMV-LIMP-II. Mice immunized with pCMV-NPTh showed a slightly elevated percentage of epitope-specific CD4 ϩ T cells (average, ϳ2.2%), suggesting that the isolated Th epitope could prime a low number of CD4 ϩ T cells. Strikingly, all mice immunized with pCMV-NPTh-LII showed a much stronger CD4 ϩ T-cell response, at least sevenfold greater than that seen in mice immunized with the construct lacking the LIMP-II tail. From these results we conclude that endogenously expressed minigene antigens can be correctly presented by the MHC class II pathway and that targeting the antigen to the lysosomes can markedly enhance the induction of antigen-specific CD4 ϩ T cells. The induction of a T-helper response against the GP 61-80 peptide is inhibited by targeting the epitope to the lysosomes. To determine if this enhancement of CD4 ϩ T-cell induction applied to another MHC class II I-A b -restricted epitope, we expressed the LCMV T helper epitope GP 61-80 with and without the LIMP-II tail. Three groups of C57BL/6 mice (four mice per group) were injected with pCMV-GPTh, pCMV-GPTh-LII, or pCMV-LIMP-II, and 3 weeks later the mice were infected with LCMV. The GP-specific T-helper responses were evaluated at day 6 postinfection by ICCS as previously described. The results from a representative individual mouse from each vaccine group are shown (Fig. 4A ) along with the mean response (Ϯ SEM) in each group (Fig. 4B) . As expected, all mice immunized with pCMV-GPTh showed stronger responses to GP 61-80 than did mice immunized with the negative control plasmid; on average, the CD4 ϩ T-cell response was increased approximately sixfold. Surprisingly, the effect of LIMP-II fusion was the opposite of that seen with the NP epitope; none of the mice immunized with pCMV-GPTh-LII showed an elevated CD4 ϩ T-cell response, indicating that lysosomal targeting of this sequence somehow inhibited its capacity to prime CD4 ϩ T-cell responses. These results suggest that the GP 61-80 peptide may be processed by a lysosomeindependent pathway, since forcing the sequence into the lysosomal compartment (using the LIMP-II tail) abrogates its immunogenicity. Conversely, the NP 309-328 epitope appears to be processed more conventionally. These data are consistent with studies of the CD4 ϩ T-cell response to LCMV infection, which showed that these two epitopes are processed differently and that presentation of the GP 61-80 epitope in a virus-infected cell was not disrupted by chloroquine treatment (24) . However, the underlying mechanism was not identified.
The GP 61-80 peptide loses its stimulatory capacity after cathepsin D digestion. The aspartic endopeptidase cathepsin D, which is found exclusively in the lysosomes (3, 18) , is one of the most specific and abundant lysosomal enzymes implicated in protein hydrolysis, peptide generation, and MHC class II antigen presentation. We therefore determined whether cathepsin D could modify the stimulatory capacity of the NP 309-328 and GP 61-80 peptides. Each peptide was incubated for 4 h at pH 4 in the presence of cathepsin D, and the reaction products were evaluated for their ability to stimulate IFN-␥ production by CD4 ϩ T cells from a day 8 LCMV-infected mouse. To ensure that any changes in stimulatory capacity were attribut-
FIG. 3. LIMP-II enhances induction of NP 309-328 -specific CD4
ϩ T cells. C57BL/6 mice were immunized with pCMV-LII, pCMV-NPTh, or pCMV-NPTh-LII (four mice per group) and 3 weeks later were infected with LCMV. Six days later, spleens were harvested, cells were stimulated with peptide NP 309-328 , and an ICCS assay was carried out. 
FIG. 4. LIMP-II inhibits induction of GP 61-80 -specific CD4
ϩ T cells. C57BL/6 mice were immunized with pCMV-LII, pCMV-GPTh, or pCMV-GPTh-LII (four mice per group) and 3 weeks later were infected with LCMV. Six days later, spleens were harvested, cells were stimulated with peptide GP 61-80 , and an ICCS assay was carried out. able to the effects of cathepsin D, and not to the acidic environment, an aliquot of each peptide was incubated in the acidic medium in the absence of cathepsin D. As shown in Fig. 5 (upper row), the ability of peptide GP 61-80 to stimulate a CD4 ϩ T-cell response was dramatically (ϳ85%) reduced by cathepsin D digestion; in clear contrast, the stimulatory activity of the NP 309-328 peptide was not diminished by the addition of enzyme. These results suggest that cathepsin D may degrade peptide GP 61-80 , which would provide a possible explanation for the abrogation of the CD4 ϩ T-cell responses that occurs after DNA immunization in vivo with the plasmid pCMVGPTh-LII (Fig. 4) and would explain why this epitope has to be presented in a lysosome-independent route during virus infection.
Cathepsin D specifically cleaves between the phenylalanine (F 74 ) and the lysine (K 75 ) amino acid residues of the GP 61-80 peptide. To determine if the GP 61-80 peptide is being specifically cleaved by cathepsin D and to identify the cleavage site, 3 g of the GP 61-80 peptide was analyzed by mass spectrometry before and after cathepsin D treatment (Fig. 6) . Before enzyme treatment (upper panel), a major peak with an observed molecular weight (MW) of 2,289.6 Da was detected, corresponding to the intact 20-amino-acid peptide (theoretical MW, 2,290.6 Da). After digestion with cathepsin D (Fig. 6, lower  panel) , most of the original signal is absent, and a new major peak with an MW 1,585.1 Da is observed, closely corresponding to the predicted MW of the peptide GLKGPDIYKG VYQF (predicted MW, 1584.8 Da). This result demonstrates that cathepsin D specifically cleaves the 20-mer GP 61-80 peptide between residues F 74 and K 75 , two amino acids that are commonly found flanking the cathepsin D cleavage sites (14) , providing an explanation for the loss of stimulatory activity observed in Fig. 5 .
Effects of CD4 ؉ T-cell priming on the induction of virusspecific antibodies and CD8
؉ T cells. CD4 ϩ T cells often play a critical role in providing help to B cells, facilitating antibody induction and immunoglobulin class switching, and also enhance the longevity of the memory CD8 ϩ T-cell response (42) . Therefore, we wished to determine if our plasmid constructs might accelerate or elevate the antibody and CD8 ϩ T-cell responses to subsequent viral infection. C57BL/6 mice were immunized with pCMV, pCMV-NP, or pCMV-NPTh-LII and 3 weeks later were infected with virus. On days 0, 2, 4, 6, and 8 postinfection, mice were sacrificed, and antibody and CD8 ϩ T-cell responses were measured by ELISA and ICCS, respectively. LCMV-specific immunoglobulin G (IgG) levels are displayed in Fig. 7A ; for the sake of clarity, only responses at 8 days postinfection are shown. Previously naïve mice (those inoculated with pCMV) have, as expected, readily detectable antibody titers, and these are elevated in mice which have been immunized with pCMV-NP. However, antibody titers in mice immunized with pCMV-NPTh-LII are similar to those seen in control mice, indicating that the presence of virus-specific CD4 ϩ T cells (which were shown in Fig. 3 ) does not increase the IgG response to virus infection. Furthermore, there is no indication that preexisting NP-specific CD4 ϩ T cells can accelerate or elevate the CD8 ϩ T-cell response to LCMV. As shown in Fig. 7B , at 4 and 6 days after infection of previously naïve mice, only low levels of virus-specific CD8 ϩ T cells are detected. These levels are accelerated and greatly increased in pCMV-NP vaccinees, but no such results are seen in mice immunized with pCMV-NPTh-LII.
Priming of CD4 ؉ T cells alone does not enhance the vaccinee's ability to combat subsequent virus infection. We have previously shown that vaccines which induce only CD8 ϩ T cells can confer solid antiviral protection (2, 23, 27, 44) , and we wished to determine whether a similar result would be observed after immunizing with a vaccine which induced only CD4 ϩ T cells. Therefore, mice were immunized with LCMV (as a positive control for the assay), pCMV (negative control DNA), pCMV-NP (a DNA vaccine which we know to be protective [49] ), or pCMV-NPTh-LII (which induces CD4 ϩ T cells, as shown in Fig. 3) . Six weeks later, mice were challenged with LCMV by either the i.c. or peripheral routes, as described in the figure legend. Following i.c. challenge (Fig. 8A) , all mice immunized with LCMV survived, as did seven of eight mice which had been inoculated with pCMV-NP. However, no protective effect was noted in mice inoculated with pCMV-NPTh-LII. A similar lack of protective efficacy was noted following peripheral virus challenge (Fig. 8B ). Mice inoculated with pCMV had LCMV titers of ϳ2 ϫ 10 6 PFU per g of tissue, and mice vaccinated with pCMV-NP showed a Ͼ3-log reduction, as we have previously found (29, 49) . In contrast, mice immunized with pCMV-NPTh-LII showed titers indistinguishable from those of the pCMV control mice. We conclude that priming of CD4 ϩ T cells alone does not enhance the vaccinee's ability to combat these two types of LCMV challenge. 
DISCUSSION
The rational manipulation of the immune response by targeting antigens (full-length proteins or individual epitopes) to different antigen-presenting pathways (28) and/or to specific antigen presenting cells (5) has proven to be an effective way to enhance DNA immunization. LCMV has provided much information about many aspects of T-cell immunity, but most of this has centered on CD8 ϩ T cells. However, LCMV infection also induces a relatively strong T-helper response, which, in C57BL/6 mice, is focused almost entirely upon two epitopes, GP 61-80 and NP 309-328 , both of which are presented by I-A b (24); during acute infection of previously naïve mice, the response to GP 61-80 is approximately threefold stronger than the response to NP 309-328 (38) . Because DC can take up the plasmid DNA and present encoded class II-restricted epitopes to CD4 ϩ T cells (7), and since the lysosomal compartment plays a critical role in antigen presentation by MHC class II molecules, we reasoned that direct targeting to the lysosome by fusing the antigen to the LIMP-II tail might improve the Thelper responses induced by a DNA vaccine. Others have targeted proteins to the lysosome-endosome pathway, by using the tyrosine-dependent targeting signal of LAMP-I (see references 30, 34, and 47), and promising data have been reported in a tumor model (12, 17) . However, LAMP-I transport is regulated by a tyrosine-dependent transport signal (26, 46) and is indirect, requiring the translocation of the chimeric protein from the endoplasmic reticulum to the cell membrane, whence it is endocytosed into lysosomes. We therefore chose to evaluate the effect of attaching proteins to the C-terminal tail of LIMP-II, which transports materials directly from the endoplasmic reticulum into the lysosome (40) . Here we confirm that the addition of the LIMP-II tail drives a substantial proportion of the signal in transfected cells into the lysosomal compartment (Fig. 2) . In order to maximize the specificities of vaccineinduced immunity, most of our subsequent studies employed minigenes encoding the above LCMV MHC class II epitopes.
Mice immunized with plasmids encoding the minigenes alone (pCMV-NPTh or pCMV-GPTh) showed a somewhat accelerated CD4 ϩ T-cell response following LCMV infection ( Fig. 3 and Fig. 4) . In general, the response to the GP 61-80 epitope was approximately threefold stronger than that mounted to the NP 309-328 epitope (compare Fig. 3 to Fig. 4) , consistent with others' finding that GP 61-80 is the dominant epitope during LCMV infection of previously naïve mice (38) . Addition of the LIMP-II tail to these minigenes had dramatically different outcomes. Mice immunized with the plasmid pCMV-NPTh-LII (expressing the NP 309-328 epitope fused to the LII tail) had a markedly (approximately sevenfold) increased CD4 ϩ T-cell response (Fig. 3) , indicating that lysosomal targeting by the LIMP-II tail may be a useful addition to the DNA vaccine arsenal. Note that the increased CD4 ϩ T-cell response implies that our plasmid DNAs are most probably taken up and expressed in APCs; their expression in normal somatic cells would be unlikely to result in an enhanced CD4 targeting not only failed to increase the response to GP [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] ; it reduced the CD4 ϩ T-cell response to background levels (Fig.  4) . What could explain the detrimental effect of lysosomal targeting? Oxenius and coworkers have shown that these two Th epitopes differ in their sensitivity to chloroquine; this drug, which prevents acidification of the endosome-lysosome compartment, prevented presentation of the NP 309-328 epitope but had little effect on presentation of the GP 61-80 epitope (24) , suggesting that the latter sequence may be presented by a lysosome-independent route. One could, therefore, argue that in being targeted to the lysosome, the GP 61-80 sequence had been deflected from its normal route of presentation, and therefore the epitope was unable to induce a CD4 ϩ T-cell response in the normal manner. This may be true, but we reasoned that lysosomal delivery of the epitope might nevertheless have been expected to result in MHC class II presentation and induction of CD4 ϩ T cells; therefore, the absence of a CD4 ϩ response to pCMV-GPTh-LII led us to hypothesize that the GP 61-80 epitope might be actively degraded in the lysosome. Cathepsin D, an endopeptidase which cleaves preferentially after hydrophobic residues (3), is the most abundant lysosomal enzyme involved in the generation of MHC class II peptides and has a profound effect on antigen processing (11, 14, 18, 20, 36, 37, 45, 50) . We investigated the effects of this enzyme on the GP 61-80 peptide and found that the peptide was cleaved after amino acid F 74 (Fig. 6 ) and that the reaction products were unable to stimulate LCMV-specific CD4 ϩ T cells (Fig. 5) . Thus, we conclude that the GP 61-80 epitope cannot be successfully presented by MHC class II when delivered by the lysosomal pathway. The route taken by the GP [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] peptide to encounter MHC class II during LCMV infection remains unclear and is currently under investigation. However, these results clearly demonstrate that lysosomal targeting can deleteriously affect the induction of CD4 ϩ T-cell responses; this has obvious implications for vaccine design.
Next, we determined whether the induction of virus-specific CD4 ϩ T cells could enhance the antibody and CD8 ϩ T-cell responses to subsequent viral infection (Fig. 7) . Mice were immunized with pCMV-NPTh-LII, which induces a strong CD4 ϩ T-cell response (pCMV-GPTh-LII was not evaluated, since this plasmid fails to induce CD4 ϩ T cells, for the reason described above). Six weeks later, the vaccinees were infected with LCMV, and antibody and CD8 ϩ T-cell responses were measured at various times postinfection. The total IgG response measured at 8 days postinfection was not increased compared to that seen in previously naïve mice. Similar conclusions were drawn from comparison of antibody titers at all time points analyzed, and even when antibody isotypes were measured (IgG1 and IgG2a), no differences were revealed (data not shown). Furthermore, virus-specific CD8 ϩ T-cell responses were not accelerated in mice primed with pCMVNPTh-LII, in contrast to the marked enhancement seen in mice immunized with pCMV-NP.
We (15, 44) and others (9, 13, 33, 35) have shown that the induction of CD8 ϩ T cells, in the absence of CD4 ϩ T cells or antibodies, can confer a sufficient advantage upon vaccinees to allow them to survive a normally lethal challenge or to more rapidly clear virus following sublethal challenge. The failure of CD4 ϩ priming to accelerate the virus-induced CD8 ϩ T-cell response (Fig. 7B) suggested that pCMV-NPTh-LII vaccinees would not be protected against virus challenge, but we wished to determine experimentally the protective efficacy of a DNA vaccine which induced only CD4 ϩ T cells. Six weeks after immunization with pCMV-NPTh-LII, mice were challenged with LCMV either i.c. or i.p.; as shown in Fig. 8 , the immunized mice remained fully susceptible to both challenge regimens. In contrast, a plasmid encoding the full-length NP conferred good protection; this is expected, because the sequence FQPQNGQFI (NP 396-404 ), present in pCMV-NP, is recognized as a dominant MHC class I epitope presented by D b . Thus, at least in this model system, the CD4 ϩ T cells induced by a DNA vaccine do not confer a marked protective advantage upon a vaccinee. However, we cannot conclude that CD4 ϩ T cells are generally insignificant in DNA vaccination, for at least two reasons. First, although the attachment of the LIMP-II tail clearly enhances the vaccine-induced CD4 ϩ T-cell response, it is possible that the CD4 ϩ T cells induced are insufficient in quantity or quality to exert the biological effects that we have sought. Perhaps further improvement of the CD4 ϩ vaccine regimen would reveal a biological benefit in our LCMV model. Second, we have relied on the LCMV model, in which it is already known that virus-specific CD8 ϩ T-cell induction can occur in the absence of CD4 ϩ T cells. It is possible that the levels of CD4 ϩ T cells induced by DNA vaccination might have measurable effects in other systems; and indeed such findings have been described (19) . In conclusion, DNA vaccines can be designed to direct proteins, or epitopes, to specific intracellular organelles, thus permitting the rational manipulation of vaccine-induced immunity. We show here that lysosomal targeting can markedly increase CD4 ϩ T-cell re- sponses but also may diminish responses to antigens normally processed by other routes.
